Alzheimer\'s disease (AD) is a neurodegenerative disorder that is characterized by a progressive loss of cognitive function leading to dementia. The major pathological hallmark of AD is the deposition of neurotoxic amyloid-*β* peptide (A*β*) within the brain.^[@bib1]^ The amyloid hypothesis proposes that the accumulation of A*β* is caused by an imbalance between A*β* production and clearance.^[@bib2]^ Although genetic alterations increase the production of A*β* in rare familial AD, reduced A*β* clearance from the brain likely accounts for sporadic AD, which is much more common.^[@bib3]^ The mechanisms that are involved in clearing A*β* from the brain include enzymatic degradation, perivascular drainage, and the most significant, active transport across the blood--brain barrier (BBB).^[@bib4]^

The BBB regulates molecular exchanges at the interface between the blood and the brain.^[@bib5]^ It plays a critical role in maintaining the brain microenvironment.^[@bib6]^ The BBB, which is formed by cerebral endothelial cells (ECs) and which, interacts with astrocytes, neurons, pericytes, and the extracellular matrix, is organized into a neurovascular unit.^[@bib7],\ [@bib8]^ Although the relationship between BBB breakdown and AD pathology is unclear,^[@bib9]^ it has been proposed that the BBB loses its A*β* clearing capability, thus increasing amyloid deposition in the outer capillary membrane and resulting in the distortion of the neurovascular unit with neuronal loss.^[@bib10]^

Recently, it has been suggested that P-glycoprotein (P-gp), which is an ATP-driven efflux transporter that is highly expressed in the luminal membrane of the brain capillary endothelium, is also involved in the clearance of A*β* from the brain.^[@bib11]^ P-gp, which is able to transport various kinds of substrates, has been shown to play an important role in clearing toxic substances in the brain and protecting it from harmful molecules in the circulation.^[@bib12]^ Along with other BBB properties, P-gp expression is induced when ECs are in contact with astrocytes *in vitro* and *in vivo*.^[@bib13],\ [@bib14]^ ECs respond to inductive signals or factors from astrocytes that encircle the capillary endothelium.^[@bib13]^

Several lines of evidence have shown that P-gp plays an important role in A*β* clearance. It has been shown *in vitro* that P-gp mediates the transport of A*β* and that blocking P-gp function reduces the clearance of A*β*.^[@bib15],\ [@bib16]^ In addition, cerebral A*β* deposition in elderly non-demented individuals has been demonstrated to be inversely correlated with brain capillary P-gp expression.^[@bib17]^ Furthermore, in P-gp knockout mice, A*β* deposition is increased by the reduced efflux of A*β*,^[@bib18]^ while it has been shown that restoring P-gp at the BBB reduces brain A*β* in a mouse model of AD.^[@bib19]^ However, the molecular mechanisms underlying the decrease in P-gp expression that is observed in AD have not been identified. We found that A*β* decreased P-gp expression by increasing nuclear factor-kappa B (NF-*κ*B) through an interaction with the receptor for advanced glycation end products (RAGE). Moreover, we observed that the P-gp reduction by A*β* was rescued by inductive signals or factors from astrocytes that made contact with ECs in bEnd.3 cells. These results suggested that alterations in astrocyte--EC contact in AD likely decrease P-gp expression by A*β*. Together, we identified a mechanism by which the A*β*--RAGE interaction mediated the downregulation of P-gp in the BBB by increasing NF-*κ*B signaling in AD and that astrocyte--EC contact played a critical role in maintaining P-gp expression.

Results
=======

P-gp expression was decreased in the brain capillaries of 5XFAD mice
--------------------------------------------------------------------

A previous study has shown that 5XFAD mice exhibit massive amyloid deposition from 2 months of age and memory deficits from 4 to 6 months of age.^[@bib20],\ [@bib21]^ Because P-gp plays a role in the efflux of A*β* from the brain to the periphery, we used the brain slices of 6-month-old 5XFAD mice and isolated the brain capillaries in order to examine the levels of expression of P-gp within the cerebral capillaries of 5XFAD mice. P-gp expression was significantly reduced in the isolated brain capillaries of 5XFAD mice compared to wild-type mice ([Figures 1a and b](#fig1){ref-type="fig"}). Because the expression of GLUT-1 is limited to the endothelium,^[@bib22]^ we checked the GLUT-1 levels and confirmed the decreased levels of GLUT-1 in 5XFAD mice compared to wild-type mice in order to evaluate whether the brain capillaries were efficiently isolated in the brains of 5XFAD mice. In addition, in order to verify each individual wild-type and 5XFAD mouse, the isolated capillaries were prepared for immunoblot analysis with an anti-A*β* antibody (6E10), and only A*β* levels were detected in the brains of 5XFAD mice ([Figure 1a](#fig1){ref-type="fig"}). In order to identify the exact expression pattern of P-gp, we costained for P-gp and amyloid plaques with an anti-P-gp antibody and the anti-A*β* antibody, 4G8. P-gp was hardly detected near the amyloid plaque deposits in 5XFAD mice ([Figure 1c](#fig1){ref-type="fig"}, the parts shown in the white dotted circles), while it was clearly detected along the brain capillaries far from the amyloid plaque deposits in 5XFAD mice ([Figure 1c](#fig1){ref-type="fig"}, the parts shown in the yellow dotted circles) and wild-type mice ([Figure 1c](#fig1){ref-type="fig"}, yellow arrow heads). In order to clearly recognize the change in P-gp expression near the amyloid plaques, we used super-resolution SIM. The reconstructed three-dimensional (3D) SIM images showed that P-gp was expressed along the endothelium in the brains of wild-type mice ([Figure 1d](#fig1){ref-type="fig"}, yellow arrow heads). Also, P-gp expression was markedly disconnected near the amyloid plaque deposits in 5XFAD mice ([Figure 1d](#fig1){ref-type="fig"}, white arrow heads) compared to wild-type mice. These results implied that P-gp expression was decreased near the amyloid plaques in the cerebral capillaries of 5XFAD mice.

A*β*~1--42~ decreased P-gp expression in bEnd.3 cells
-----------------------------------------------------

The ECs lining the cerebral microvessels contain P-gp and various ATP binding cassette efflux transporters.^[@bib23]^ The levels of P-gp in the brain vasculature appear to be lower in the hippocampus of AD brains than in those of non-demented subjects.^[@bib24]^ In order to determine the effectors underlying the decreased P-gp levels of expression near the amyloid plaque deposits that were seen in the capillaries of 5XFAD mice in the above results, we examined the changes in P-gp expression by A*β*~1--42~ in a monolayer culture of bEnd.3 cells.^[@bib25]^ A western blot analysis showed that P-gp protein levels were significantly decreased after 24 h of 5 *μ*M of A*β*~1--42~ treatment in bEnd.3 cells ([Figures 2a and b](#fig2){ref-type="fig"}). In addition, by performing an immunofluorescence analysis after A*β*~1--42~ treatment, P-gp immunoreactivity showed a weak staining pattern ([Figure 2c](#fig2){ref-type="fig"}), and the red peak value indicating the fluorescence intensity of P-gp fell in the bEnd.3 cells after 24 h of A*β*~1--42~ treatment compared to the control cells in the representative fluorescence intensity profiles ([Figure 2d](#fig2){ref-type="fig"}). The peak fluorescence intensity was significantly reduced in A*β*~1--42~-treated bEnd.3 cells ([Figure 2e](#fig2){ref-type="fig"}). The peak fluorescence intensity values from 10 cells per group of three independent preparations were analyzed. These results suggested that A*β*~1--42~ decreased the protein levels of P-gp in bEnd.3 cells.

A*β*~1--42~ decreased P-gp expression through NF-*κ*B activation
----------------------------------------------------------------

It has been reported that the expression of the p50 subunit of NF-*κ*B is increased in the cerebral vessels and neurons of subjects with AD.^[@bib26],\ [@bib27]^ In order to examine whether NF-*κ*B signaling mediated the A*β*~1--42~-induced decrease in P-gp expression in bEnd.3 cells, we cotreated bEnd.3 cells with A*β*~1--42~ and the inhibitor BAY 11-7082, which inhibits the NF-*κ*B pathway by suppressing the phosphorylation of I*κ*B.^[@bib28]^ In the presence of 5 *μ*M of BAY 11-7082, the A*β*~1--42~-induced decrease in P-gp expression was significantly attenuated ([Figures 3a and b](#fig3){ref-type="fig"}). Further immunofluorescence analysis by confocal microscopy also showed attenuation by 5 *μ*M of BAY 11-7082 on the A*β*~1--42~-induced decrease in P-gp expression ([Figure 3c](#fig3){ref-type="fig"}). After treatment with A*β*~1--42~ in the presence of BAY 11-7082, peak fluorescence intensity was preserved than A*β*~1--42~-treated bEnd.3 cells ([Figures 3d and e](#fig3){ref-type="fig"}). In order to assess whether BAY 11-7082 inhibited I*κ*B phosphorylation efficiently, the degree of phosphorylation on I*κ*B was examined by western blotting. There was a significant reduction in the phosphorylated form of I*κ*B (p-I*κ*B) in bEnd.3 cells after 15 min of 5 *μ*M of A*β*~1--42~ treatment in the presence of 5 *μ*M of BAY 11-7082 compared to the cells that were treated with A*β*~1--42~ without BAY 11-7082, in which a significant induction was shown in comparison with the control cells ([Figures 3f and g](#fig3){ref-type="fig"}). In order to examine whether the NF-*κ*B pathway mediated the decrease in P-gp expression, we used a NF-*κ*B response element luciferase gene reporter assay, in which luciferase activity increases as NF-*κ*B binds to its response element. Although A*β*~1--42~ alone significantly increased the NF-*κ*B promoter luciferase activity, the co-treatment of 5 *μ*M of A*β*~1--42~ with 5 *μ*M of BAY 11-7082 for 30 min significantly attenuated the NF-*κ*B promoter luciferase activity in bEnd.3 cells ([Figure 3h](#fig3){ref-type="fig"}). Together, these results indicated that NF-*κ*B signaling mediated the A*β*~1--42~-induced decrease in P-gp expression.

RAGE-mediated A*β*~1--42~-induced P-gp decrease
-----------------------------------------------

RAGE has been shown to activate multiple cellular signaling cascades, including the NF-*κ*B pathway when its ligands, such as advanced glycation end product (AGE), S100, and A*β*, bind to it.^[@bib29]^ The interactions of A*β* with RAGE at the BBB are involved in oxidative stress and in the activation of NF-*κ*B.^[@bib30]^ In order to determine whether RAGE mediated the A*β*~1--42~-induced decrease in P-gp expression, we used a neutralizing antibody against RAGE that blocks the A*β*~1--42~--RAGE interaction by recognizing the extracellular domain of RAGE.^[@bib31]^ The anti-RAGE antibody attenuated the decrease in P-gp expression by A*β*~1--42~, as shown in the immunofluorescence analysis ([Figure 4a](#fig4){ref-type="fig"}). The representative fluorescence intensity profiles are shown in [Figure 4b](#fig4){ref-type="fig"}. The red-peak fluorescence intensity was decreased in A*β*~1--42~-treated bEnd.3 cells compared to that in control-treated bEnd.3 cells, and it increased when A*β*~1--42~ was cotreated with the anti-RAGE antibody in bEnd.3 cells. After A*β*~1--42~ treatment in the presence of 15 *μ*g/ml of the anti-RAGE antibody, the average value of the red-peak fluorescence intensity was significantly rescued compared to that in A*β*~1--42~-treated bEnd.3 cells ([Figure 4c](#fig4){ref-type="fig"}), suggesting that RAGE plays a critical role in the P-gp reduction by A*β*~1--42~. The P-gp levels were measured in bEnd.3 cells that overexpressed the full-length human RAGE in the presence or absence of A*β*~1--42~ for 24 h. A*β*~1--42~ decreased the P-gp levels in RAGE-overexpressing bEnd.3 cells to a greater extent than mock-transfected cells ([Figures 4d and e](#fig4){ref-type="fig"}). These results suggested that RAGE mediates A*β*~1--42~-induced P-gp reductions through NF-*κ*B signaling.

The P-gp reductions by A*β*~1--42~ were attenuated when astrocytes contacted ECs
--------------------------------------------------------------------------------

Along with other BBB properties, P-gp expression is induced when the cells are in contact with astrocytes *in vitro* and *in vivo*,^[@bib13],\ [@bib14]^ and this is primarily due to end-feet processes and some inducing factors that originated by themselves.^[@bib32]^ Based on the findings of previous studies, in order to identify whether a contact or non-contact system between astrocytes and ECs affects the P-gp reduction by A*β*~1--42~, we compared the protein levels of P-gp by using the conditioned medium (CM) that was supplied from bEnd.3 cells that were grown in two different co-culture systems ([Figure 5a](#fig5){ref-type="fig"}). In one system, which was called the contact model, the primary cultured astrocytes were first seeded on the underside of the membrane of the collagen-coated Transwell inserts so that the astrocyte end-feet could make contact with the bEnd.3 cells that were later seeded in the insert on the upside of the membrane. In the other system, which was called the non-contact model, the astrocytes were seeded on the 24-well plate, and the bEnd.3 cells were later seeded inside the insert. For controls, bEnd.3 cells were cultured in the insert without the astrocyte feeder layer. The CM from the astrocytes-bEnd.3 cells of the co-culture plate for each system was transferred to the bEnd.3 cells, and the CM was changed daily until the A*β*~1--42~ treatment. Although the P-gp expression in bEnd.3 cells that were cultured in the CM in the non-contact model was similar to the P-gp protein levels in A*β*~1--42~-treated bEnd.3 cells, the A*β*~1--42~-induced decrease in P-gp expression was significantly attenuated in the presence of the CM of the contact model ([Figures 5b and c](#fig5){ref-type="fig"}). These results suggested that some unknown soluble factors that were released from the astrocytes making contact with the ECs could attenuate the A*β*~1--42~-induced decrease in P-gp expression.

Astrocyte polarization was disrupted in the brains of 5XFAD mice
----------------------------------------------------------------

Because the *in vitro* results shown in [Figure 5](#fig5){ref-type="fig"} strongly suggested that astrocyte--EC contacts were protective for the P-gp reduction by A*β*~1--42~, it was reasonable to examine change of astrocyte polarization in the brains of wild-type and 5XFAD mice. The capillaries were labeled with tomato lectin, which is an effective blood vessel marker. However, lectin is also a marker of microglia, and it labels the activated microglia around the amyloid plaques in 5XFAD mice with a different pattern compared to how it labels blood vessels, thus allowing us to predict where the amyloid plaque might be. Two markers for the polarized astrocyte end-feet, the end-feet specific channel aquaporin 4 (Aqp4) and the astrocyte-derived basement membrane component laminin *α*2 (Lama2), both provided uniform labeling of the capillary surfaces in the brains of wild-type mice ([Figures 6a and c](#fig6){ref-type="fig"}). However, in 5XFAD mice, the vascular staining of these markers, Aqp4 and Lama2, were significantly weaker than that in controls ([Figures 6b and d](#fig6){ref-type="fig"}). Aqp4 signals were diffused (white arrow heads) and astrocyte end-feet was localized to bridging microvessels, indicating a loss of astrocyte polarization. Together, these data suggested a loss of astrocyte polarization in 5XFAD mice, thus indicating the detachment of astrocyte end-feet from ECs in AD.

Discussion
==========

The essential role of P-gp in protecting the brain from toxic substances, including A*β*,^[@bib15],\ [@bib16],\ [@bib17],\ [@bib19]^ in the brains of AD patients and animal models suggests that therapies that target P-gp or its regulatory factors might be promising for the treatment and prevention of the disease. However, the molecular mechanisms that explain how P-gp expression decreases under AD conditions have been largely unknown. Our *in vivo* data showed that P-gp expression was significantly reduced especially near amyloid plaques, and that the polarity of astrocytes was lost in 5XFAD AD model mice compared to wild-type mice. The results that were obtained from the murine brain EC line bEnd.3 showed that the RAGE--NF-*κ*B signaling pathway mediated the A*β*-induced decrease in P-gp expression, and that the induction was possible only when ECs did not receive inductive signals or factors from astrocytes that were making contact with ECs. Based on these results, we propose a mechanism involving P-gp downregulation in AD brain ECs, by which A*β* induces NF-*κ*B signaling through an interaction with RAGE in the ECs that have lost contact with astrocytes that can induce P-gp expression.

It has been reported that brain capillary membranes that are isolated from hAPP mice exhibit a marked decrease in P-gp.^[@bib19]^ In addition, a study has shown a significant inverse correlation between P-gp expression and the deposition of A*β* in the brains of elderly, non-demented patients.^[@bib17]^ Therefore, we planned to examine whether P-gp expression was also reduced in our 5XFAD AD model mice, and we found a pattern of P-gp expression, especially in relation to amyloid plaque deposition. 5XFAD mice are amyloid precursor protein/presenilin-1 (PS1) double-transgenic mice that coexpress five familial AD mutations that accelerate plaque development.^[@bib20]^ To clearly observe the decrease in P-gp expression and its correlation with amyloid plaques, we used the isolated brain capillaries and brain slices of 6-month-old 5XFAD mice that already exhibited memory deficits and significant progression in the pathologies rather than early-stage AD model mice. Our finding of a selective loss of P-gp expression, especially near amyloid plaques, in the cerebral capillary endothelium of 5XFAD mice ([Figure 1](#fig1){ref-type="fig"}) suggested that A*β* might be the cause for the decrease in P-gp expression. As expected, P-gp expression was significantly reduced by A*β* in bEnd.3 cells after 24 h of treatment with 5 *μ*M of A*β*~1--42~ ([Figure 2](#fig2){ref-type="fig"}).

Previous studies have shown that A*β*~1--42~ treatment reduces the mRNA expression of P-gp.^[@bib23],\ [@bib33]^ Knowing that A*β* reduces P-gp expression at the transcription level, we examined which signaling pathway mediated the A*β*-induced decrease in P-gp expression by using specific inhibitors. NF-*κ*B is involved in one of the pathways that is related to cell survival and that has an important role in neurodegenerative disorders,^[@bib34]^ and it is known to be activated in ECs by A*β*.^[@bib35]^ Although NF-*κ*B resides in the cytoplasm and is bound to its inhibitor molecule I*κ*B*α* in resting cells, it is released upon activation from the phosphorylated inhibitor to translocate into the nucleus where it binds to the DNA *κ*B sites to induce the activation or repression of specific genes.^[@bib29],\ [@bib34]^ BAY 11-7082 inhibits the NF-*κ*B pathway by suppressing the phosphorylation of I*κ*B*α*. In the presence of BAY 11-7082, the A*β*-induced decrease in P-gp expression and luciferase activity were both significantly attenuated ([Figure 3](#fig3){ref-type="fig"}), suggesting that NF-*κ*B mediated the A*β*-induced decrease in P-gp expression by binding to the DNA to repress the P-gp gene.

When a ligand, such as A*β*, binds to RAGE, it has been shown that multiple cellular signaling cascades get activated, including the NF-*κ*B pathway.^[@bib36]^ In addition, RAGE itself is one of the genes that are activated by NF-*κ*B, enabling RAGE to amplify.^[@bib37]^ A*β*~1--42~ decreased the P-gp levels in RAGE-overexpressing bEnd.3 cells to a greater extent compared to that in mock-transfected cells ([Figure 4](#fig4){ref-type="fig"}), suggesting that RAGE mediated the A*β*~1--42~-induced decrease in P-gp expression. As A*β* accumulates, RAGE also increases, thus amplifying the signal even more. However, P-gp expression has been reported to decrease before the protein expression of RAGE begins to increase,^[@bib19]^ suggesting that the RAGE increase contributes to the P-gp downregulation later on, but not in the early stages. Blocking the A*β*~1--42~--RAGE interactions with a neutralizing antibody against RAGE confirmed that RAGE mediates the A*β*-induced decrease of P-gp expression, as bEnd.3 cell treated with A*β*~1--42~ in the presence of anti-RAGE antibody showed attenuation ([Figure 4](#fig4){ref-type="fig"}).

The BBB is composed of ECs, astrocytes, a basement membrane, pericytes, and neurons that are in physical proximity to the endothelium.^[@bib38]^ Among them, astrocytes tightly appose end-feet on the abluminal membrane of the brain capillaries in order to induce the BBB properties, including P-gp expression, with its end-feet processes and some other inducing factors.^[@bib13],\ [@bib32]^ In order to examine whether A*β* could also induce the P-gp reduction in the context in which ECs receive inductive signals or factors that are released from astrocytes that contact with ECs, we used the CM of the bEnd.3-astrocyte co-culture system. There have been studies that have compared P-gp expression in mono-cultured ECs with ECs that were cocultured with astrocytes that make contact through feet.^[@bib13],\ [@bib14]^ Our study differed in that we did not observe ECs that were actually making contact with astrocytes, but ECs that received the CM or the released factors of the contact or non-contact bEnd.3-astrocyte co-culture systems. We hypothesized that the secretome of the astrocytes that made contact with ECs would differ from that of astrocytes that were not in contact with ECs. We found that the released factors of the contact co-culture system rescued the A*β*~1--42~-induced decrease in P-gp expression, but not that of the non-contact co-culture system, suggesting that A*β*~1--42~ reduced the P-gp expression only when the astrocytes did not make contact with ECs. This finding may be particularly important from a pharmacological point of view, for it showed that there was a factor that was released from astrocytes that attenuated the A*β*-induced decrease in P-gp expression and that this factor should be found by a proteomic analysis of the secretome of astrocytes that make contact with ECs but not of that primary astrocytes that were cultured alone, as has been previously shown.^[@bib39],\ [@bib40]^ Further studies are needed to isolate and characterize the astrocyte-derived signaling molecule that attenuated the A*β*-induced decrease in P-gp expression.

In order to confirm that A*β* reduced the P-gp expression in ECs that were not in contact with astrocytes, we examined if markers for polarized astrocyte end-feet were actually weaker in 5XFAD mice compared to controls. There have been reports of astrocyte polarization loss from an early stage in mouse models of AD, and this was suggested by the swelling and detachment of astrocyte end-feet surrounding perivascular amyloid deposits^[@bib41]^ and the redistribution of Aqp4 from end-feet membranes to non-end-feet membrane domains.^[@bib42]^ Our *in vivo* data also showed that Aqp4 was diffused and distributed to bridging microvessels and that the vascular stainings for Aqp4 and Lama2 were weaker, indicating a loss of astrocyte polarization in 5XFAD mice compared to wild-type mice ([Figure 6](#fig6){ref-type="fig"}). Questions remain of how astrocytes lose polarization in AD or whether astrocyte polarization loss actually precedes the decrease of P-gp expression *in vivo*. However, the finding that astrocytes in 5XFAD lose polarization and detached from ECs confirmed that the endothelium of patients with AD is in an environment that is vulnerable to an A*β*-induced decrease in P-gp expression by not receiving the inductive factors that are released from astrocytes that are making contact with ECs.

Together, we would like to suggest a model of how P-gp expression decreases in AD. Normally, astrocytes tightly appose end-feet on the abluminal membrane of the brain capillaries in order to induce BBB properties, including P-gp expression.^[@bib13],\ [@bib32]^ In the brain of AD patients, astrocytes somehow lose its connection with ECs ([Figure 6](#fig6){ref-type="fig"}), and become disabled to induce P-gp expression. When inducing factors secreted by astrocytes that made contact with ECs were present, P-gp expression did not decrease although toxic A*β* were present. However, when those inducing factors were not present, A*β* could reduce the expression of P-gp ([Figure 5](#fig5){ref-type="fig"}). Our data collectively suggested that A*β* induced decrease in P-gp expression in ECs that lost contact with astrocytes through NF-*κ*B signaling by interactions with RAGE. In addition, we suggest the high possibility that some factors that are released from astrocytes can attenuate the A*β*-induced decrease of P-gp expression. Given the critical involvement of P-gp in protecting the brain from toxic substances, including A*β*, determining the precise molecular mechanisms of the A*β*-induced decrease in P-gp expression and the existence of an unknown factor that could attenuate the effect, may provide therapeutic targets for treating AD.

Materials and Methods
=====================

Reagents
--------

BAY 11-7082 was purchased from Merck Millipore (Darmstadt, Germany), the anti-RAGE antibody was purchased from R&D Systems, Inc. (Minneapolis, MN, USA), and the A*β*~1--42~ peptide was purchased from American Peptide Company Inc. (Sunnyvale, CA, USA) and was prepared as described.^[@bib43]^ The following antibodies were used for immunodetection: anti-P-gp (Covance Inc., Princeton, NJ, USA) and anti-beta amyloid (6E10; Covance Inc.), anti-p-I*κ*B*α* and anti-I*κ*B*α* (Cell Signaling Technology, Inc., Beverly, MA, USA); anti-RAGE and anti-glucose transporter-1 (GLUT-1; EMD Millipore Corporation, Billerica, MA, USA), and anti-tubulin and anti-*β*-actin (Sigma-Aldrich Co., LLC, St. Louis, MO, USA).

Animals and tissue collection
-----------------------------

Five familial AD mutations (5XFAD) mice (Tg6799; B6SJL-Tg \[APPSwFlLon, PSEN\*M146L\*L286V\] 6799Vas/J, stock no. 006554) that overexpressed three human APP 695 mutations (Swedish, Florida, and London) and two human PS1 mutations (M146L and L286V) of human PS1 under transcriptional control of the murine Thy-1 promoter were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and maintained in Seoul National University\'s mouse facility. Founder transgenic mice were identified by polymerase chain reaction and non-transgenic littermate mice served as controls. The animal treatment and maintenance protocols were performed in accordance with the Principle of Laboratory Animal Care (NIH publication No. 85--23, revised 1985) and the Animal Care and Use Guidelines of Seoul National University, Seoul, Korea. All of the experiments were approved by the Institute of Laboratory Animal Resources of Seoul National University.

Brain capillary isolation
-------------------------

Brain capillaries were isolated from wild-type littermates (*n=*3) and 5XFAD mice (*n=*3) at 6 months of age as previously described^[@bib19],\ [@bib44]^ with minor modifications. In brief, 6-month-old mice were anesthetized with a mixture (3 : 1 ratio, 1 ml/kg, i.p.) of Zoletil 50 (Virbac, Carros, France) and Rompun (Bayer Korea, Seoul, Korea) and then decapitated. The brains were cleared of superficial large blood vessels, the choroid plexus and the meninges. The cerebral cortices were homogenized in 4 vol. of ice-cold phosphate-buffered saline (PBS). The homogenate was centrifuged at 3500 × *g* for 10 min. The pellets were rehomogenized in 4 vol. of PBS containing 15% Ficoll T-400 (Sigma-Aldrich Co., LLC). After centrifugation at 25 000 × *g* for 20 min, the myelin floating on top of the supernatant was removed. The brain capillaries that were separated as a pellet were then lysed.

Cell culture
------------

The murine brain endothelial cell line bEnd.3 (ATCC, Manassas, VA, USA) cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Thermo Fisher Scientific Inc., Waltham, MA, USA) that was supplemented with 10% fetal bovine serum (Thermo Fisher Scientific Inc.), 100 U/ml penicillin, and 100 *μ*g/ml streptomycin (Sigma-Aldrich Co., LLC) at 37°C in a humidified 5% CO~2~ incubator. Before the drug treatments, the media was replaced with DMEM.

Transfection
------------

Transfection of the bEnd.3 cells was performed by Lipofectamine LTX (Life Technologies Corporation, Waltham, MA, USA) in accordance with the manufacturer\'s protocols. The cells were seeded on 24-well plate (4 × 10^4^ cells/cm^2^; SPL, Pocheon, Korea) or 12 well plate (7 × 10^4^ cells/cm^2^; SPL Life Sciences Co., Ltd, Pocheon, Korea) for RAGE over expression, and on 12 well plate (4 × 10^4^ cells/cm^2^; SPL Life Sciences Co., Ltd) for the NF-*κ*B-response element luciferase reporter gene assay. The cDNA constructs were mixed with Lipofectamine LTX in Opti-MEM (Life Technologies Corporation). After 20 min of incubation, the mixture was added to the cell-culture medium.

Primary astrocyte culture
-------------------------

The primary astrocyte cultures were prepared as previously described^[@bib45]^ with minor modifications. Briefly, the cortices of newborn (1 or 2-day old) ICR mice pups were aseptically removed, chopped into pieces and trypsinized to be plated on T75 culture flasks (Thermo Fisher Scientific Inc.). The primary astrocytes were maintained in DMEM that was supplemented with 10% FBS (HyClone, Irvine, CA, USA), 100 U/ml penicillin, and 100 *μ*g/ml streptomycin at 37°C in humidified 5% CO~2~ incubator. The astrocytes were detached by trypsinization and plated on poly-L-lysine-coated culture plates with supplemented DMEM.

Preparation of the *in vitro* BBB model
---------------------------------------

The *in vitro* BBB model was prepared as previously described.^[@bib13],\ [@bib14]^ Briefly, astrocytes were seeded (3 × 10^4^ cells/cm^2^) on the bottom of collagen-coated Transwell inserts (surface area: 0.33 cm^2^, pore size: 0.4 *μ*m, Corning Incorporated, Corning, NY, USA) or 24-well plates 2 days before the bEnd.3 cells were seeded (4 × 10^4^ cells/cm^2^) inside the insert, on the upside of the membrane, and cultured to tight monolayers. The bEnd.3 cells were also plated on another 24-well plate (4 × 10^4^ cells/cm^2^), while it was being seeded in the insert. The CM from the bEnd.3-astrocyte co-culture plate was transferred to the bEnd.3 plate every day to minimize the denaturation that occurs during conservation of the CM.^[@bib46]^ After transferring the CM for the second time, the cells seeded on the co-culture plate were maintained in DMEM instead of supplemented DMEM. Before drug treatment on the bEnd.3 plate, CM from the co-culture plate was transferred for the last time. A schematic drawing of the bEnd.3-astrocyte co-culture model is depicted in [Figure 5](#fig5){ref-type="fig"}.

Western blot analysis
---------------------

Isolated brain capillaries and bEnd.3 cells were lysed with RIPA buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate, and 50 mM Tris-HCl, pH 7.4) containing protease inhibitors (Sigma-Aldrich Co., LLC) and phosphatase inhibitors (A.G. Scientific, Inc., San Diego, CA, USA). The protein extracts were quantified by a bicinchoninic protein assay (Thermo Fisher Scientific Inc.) and equally loaded on 7% or 10% glycine gels. The separated samples were transferred to a polyvinylidenedifluoride membrane and incubated with antibodies against the indicated proteins. The protein bands were visualized with a bioimaging analyzer (LAS-3000; Fujifilm Corporation, Tokyo, Japan) with enhanced chemiluminescence (ECL; GE Healthcare Life Sciences, Seoul, Korea). The images were captured and analyzed with a Multi-Gauge program (Fujifilm Corporation).

Luciferase reporter gene assay
------------------------------

After 24 h of drug treatment after the transfection, the cells were lysed by passive lysis buffer. The luciferase activities in the cell extracts were measured by a dual-luciferase reporter assay system (Promega Corporation, Madison, WI, USA).

Immunocytochemistry
-------------------

bEnd.3 cells were seeded on 18-mm round coverslips. After drug treatment, the cells were washed twice with ice-cold PBS and fixed with 4% paraformaldehyde (PFA; BIOSESANG, Inc., Gyeonggi-do, Korea) in PBS for 20 min at room temperature (RT). After permeabilization with 0.5% Triton X-100 (Sigma-Aldrich Co., LLC) in PBS, the cells were incubated with anti-P-gp antibody (1 : 100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4°C. After PBS washes, the cells were incubated with fluorescent-labeled secondary antibody (1 : 500; Life Technologies Corporation) for 2 h at RT and counterstained with 4′-6-diamidino-2-phenylindole (DAPI) for 10 min.

Image analysis
--------------

All images were acquired with a confocal laser scanning microscope (FV10i-w; Olympus Corporation, Tokyo, Japan). The fluorescence intensity profile of each imaged cell was determined by drawing lines parallel to the axis of the cell.^[@bib24]^ The numerical values of the peak fluorescence intensities along each line were used for analysis. For quantification of immunoreactivity of brain tissues, immunofluorescence images of the cerebral frontal cortex were taken and analyzed Lama2 and Aqp4-positive cells, respectively. The number of immunofluorescence-positive pixels in the cerebral frontal cortex areas from the acquired images was analyzed using the Image J processing software (National Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry
--------------------

Wild-type littermate (*n=*3) and 5XFAD (*n=*3) female mice at 6 months of age were anesthetized and perfused transcardially with PBS and 4% PFA in PBS and post-fixed in 4% PFA for 20 h. The brain slices were sectioned to a 30-*μ*m thickness with a CM 1950 cryostat (Leica Microsystems GmbH, Nussloch, Germany). Free-floating sections of the frontal cortices, which contain plenty of capillaries, were pretreated with 70% formic acid for 20 min to retrieve the antigens and then incubated with the following primary antibodies: biotin-labeled 4G8 (1 : 700; Covance, Inc.), rabbit anti-P-gp (1 : 100; Santa Cruz Biotechnology, Inc.), Fluorescein *Lycopersicon esculentum* (Tomato) lectin (1 : 100; Vector Laboratories, Inc., Burlingame, CA, USA), rat anti-Lama2 (1 : 500; Abcam plc, Cambridge, MA, USA), and rabbit anti-Aqp4 (1 : 100; EMD Millipore Corporation) overnight at 4°C. Following extensive washes in PBS, the sections were incubated with secondary antibodies that were conjugated with Alexa Fluor dyes (1 : 500; Life Technologies Corporation) for 2 h at RT. Immunofluorescent images were taken with the aid of a confocal laser scanning microscope (FV10i-w; Olympus Corporation).

Three-dimensional-SIM image acquisition
---------------------------------------

To clarify the modification of P-gp expression by amyloid plaques, we used a super-resolution structured illumination microscopy (SIM; Nikon N-SIM, Nikon Instruments, Inc., Tokyo, Japan) as described.^[@bib25]^ Briefly, images of the immunofluorescent stained brain slices were taken sequentially in the *z*-direction in order to reconstruct them into 3D-SIM images by NIS-E software (Nikon Instruments, Inc.).

Statistics
----------

All data are presented as mean±standard error of the mean (S.E.M.). Unpaired *t*-tests (for 2 groups) or one-way ANOVA tests that were followed by Tukey\'s multiple comparisons tests (for \>2 groups) were executed for the statistical analyses (\**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001) with GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA, USA).
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![P-glycoprotein (P-gp) expression was decreased in the brain capillaries of five familial Alzheimer\'s disease mutations (5XFAD) mice. (**a** and **b**) P-gp protein levels were measured by performing western blotting on total cerebral homogenates and cerebral capillaries that were isolated from the brains of wild-type and 5XFAD mice. *β*-Actin was used as a loading control. (**c**) Confocal microscopic analysis of P-gp and amyloid plaques in cortical sections (30 *μ*m) from 6-month-old control and 5XFAD mice (*n*=3 for each). The amyloid plaques were labeled with the specific anti-amyloid-*β* peptide (A*β*) antibody (green; 4G8). P-gp (red) was clearly detected along the capillaries of the wild-type mice and far from the amyloid plaque deposits in 5XFAD mice (yellow arrow heads and the parts shown in the yellow dotted circles), but hardly detected near the amyloid plaque deposits in 5XFAD mice (the parts shown in the white dotted circles). Scale bars=10 and 30 *μ*m. (**d**) Three-dimensional-structured illumination microscopy (3D-SIM) image of P-gp and amyloid plaques in the brains of wild-type and 5XFAD mice (*n*=3 for each). Amyloid plaques and P-gp were identified by the immunofluorescent detection of the 4G8 (green) and anti-P-gp antibody (red). Each panel shows different regions in the brains. The arrow heads indicate P-gp expression. Scale bar=2 *μ*m](cddis2014258f1){#fig1}

![A*β*~1--42~ decreased P-gp expression in bEnd.3 cells. (**a**) P-gp expression levels were measured by a western blot analysis in bEnd.3 cells that were incubated with various doses of A*β*~1--42~ for 24 h. Tubulin was used as a loading control. (**b**) A histogram represents the densitometric analysis of blots, with the data expressed as mean±standard error of the mean (S.E.M.; *n*=4; \*\**P*\<0.01 *versus* A*β* 0 *μ*M). (**c**) Confocal microscopic analysis of the P-gp intensity in bEnd.3 cells that were treated with 5 *μ*M of A*β*~1--42~ for 24 h. The nuclei were labeled with 4′-6-diamidino-2phenylindole (DAPI; blue), and the P-gp immunoreactivity was labeled in red. Scale bar=20 *μ*m. (**d** and **e**) Fluorescence intensity profile of each imaged cells that was determined by drawing lines parallel to the axis of the cell. The x-axis shows the length of the line, which was ∼30 *μ*m in total, and the y-axis shows the intensity. The red line shows the intensity of P-gp, and the blue line shows that of DAPI](cddis2014258f2){#fig2}

![The nuclear factor-kappa B (NF-*κ*B) pathway mediated the A*β*~1--42~-induced decrease in P-gp expression. (**a**) Western blot analysis of the P-gp contents in bEnd.3 cells that were incubated with 5 *μ*M of A*β*~1--42~ for 24 h with or without 5 *μ*M of BAY 11-7082. (**b**) The histogram represents the densitometric analysis of the blots, with the data expressed as mean±S.E.M. (*n*=4; \*\**P*\<0.01 *versus* A*β* 5 *μ*M). (**c**) Confocal microscopic analysis of the P-gp intensity in the bEnd.3 cells that were treated with 5 *μ*M of A*β*~1--42~ for 24 h with or without 5 *μ*M of BAY 11-7082. The nuclei were labeled with DAPI (blue), and P-gp was immunofluorescently labeled in red. Scale bar=20 *μ*m. (**d**) The fluorescence intensity profile of each imaged cell that was determined by drawing lines parallel to the axis of the cell. The x-axis shows the length of the line, which was ∼30 *μ*m in total, and the y-axis shows the intensity. The red line shows the intensity of P-gp, and the blue line shows that of DAPI. (**e**) The average peak fluorescence intensity of P-gp is presented. The peak fluorescence intensity values were taken from 10 cells per group from three independent preparations (\*\*\**P*\<0.001 *versus* A*β* 5 *μ*M). (**f**) The p-I*κ*B*α* protein levels were measured by a western blot analysis in bEnd.3 cells that were incubated with 5 *μ*M of A*β*~1--42~ for 15 min with or without 5 *μ*M BAY 11-7082, alongside total I*κ*B*α*. (**g**) The histogram shows a densitometric analysis of the blots, with the data expressed as mean±S.E.M. (*n*=4; \*\*\**P*\<0.001 *versus* A*β* 5 *μ*M). (**h**) NF-*κ*B response element luciferase gene reporter assay done in bEnd.3 cells that were treated with A*β*~1--42~ for 30 min in the presence or absence of BAY 11-7082 (*n*=3; \*\**P*\<0.01, \*\*\**P*\<0.001 *versus* A*β* 5 *μ*M)](cddis2014258f3){#fig3}

![The receptor for advanced glycation end products (RAGE) mediated the A*β*~1--42~-induced decrease in P-gp expression. (**a**) Confocal microscopic analysis of the P-gp intensity in bEnd.3 cells that were treated with 5 *μ*M of A*β*~1--42~ for 24 h with or without 15 *μ*g/ml of anti-RAGE antibody. The nuclei were labeled with DAPI (blue), and the P-gp immunoreactivity was labeled in red. Scale bar=20 *μ*m. (**b**) The fluorescence intensity profile of each imaged cell was determined by drawing lines that were parallel to the axis of the cell. The x-axis shows the length of the line, which was ∼30 *μ*m in total, and the y-axis shows the intensity. The red line shows the intensity of P-gp, and the blue line shows that of DAPI. (**c**) The average peak fluorescence intensity of P-gp is presented. The peak fluorescence intensity values were taken from 10 cells per group, and from three independent preparations (\*\*\**P*\<0.001 *versus* A*β* 5 *μ*M). (**d**) P-gp expression levels were measured by western blots in bEnd.3 cells that were incubated with 5 *μ*M of A*β*~1--42~ for 24 h after transfection with mock or full-length human RAGE. (**e**) The histogram represents the densitometric analysis of the blots, with the data expressed as mean±S.E.M. (*n*=3; \*\**P*\<0.01, \*\*\**P*\<0.001 *versus* mock-ctrl)](cddis2014258f4){#fig4}

![A*β*~1--42~ induced a decrease in P-gp expression only when the astrocyte--endothelial cell (EC) contact was not made. (**a**) Schematic diagrams illustrating the conditioned medium (CM) transfer from the control, and the contact and non-contact bEnd.3-astrocyte co-culture systems. (**b**) Western blot analysis of the P-gp contents in bEnd.3 cells that were incubated with 5 *μ*M of A*β*~1--42~ for 24 h in the presence of the described CM. (**c**) Histogram showing densitometric analysis of the blots, with the data expressed as mean±S.E.M. (*n*=4; \*\**P*\<0.01 *versus* A*β* 5 *μ*M)](cddis2014258f5){#fig5}

![Astrocyte polarization was disrupted in the brains of 5XFAD mice. (**a**) Confocal microscopic analysis of aquaporin 4 (Aqp4) and blood vessels in the cortical sections (30 *μ*m) from 6-month-old control and 5XFAD mice (*n*=3 for each). Aqp4 (red) was localized to the blood vessels (green) in controls, but was diffused (white arrow heads) and distributed to bridging microvessels in 5XFAD mice. Scale bar=50 *μ*m. (**b**) Compared to wild-type mice, Aqp4-positive cells were significantly decreased in the brains of 5XFAD mice. (**c**) Confocal microscopic analysis of laminin *α*2 (Lama2) and the blood vessels in the cortical sections of 6-month-old control and 5XFAD mice (*n*=3 for each). Lama2 (red) was localized to the blood vessels (green) in controls, but it was reduced in intensity and in the extent of the covered area in 5XFAD mice. Scale bar=50 *μ*m. (**d**) Compared to wild-type mice, Lama2-positive cells were significantly decreased in the brains of 5XFAD mice. Both *P*-values (\**P*\<0.05 and \*\*\**P*\<0.001) means the 5XFAD mice *versus* the wild-type mice)](cddis2014258f6){#fig6}
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